In two experiments, we demonstrate a misperception of the velocity of a random-dot stimulus moving in the presence of a static line oriented obliquely to the direction of dot motion. As shown in previous studies, the perceived direction of the dots is shifted away from the orientation of the static line, with the size of the shift varying as a function of line orientation relative to dot direction (the statically-induced direction illusion, or 'SDI'). In addition, we report a novel effect -that perceived speed also varies as a function of relative line orientation, decreasing systematically as the angle is reduced from 90°to 0°. We propose that these illusions both stem from the differential processing of object-relative and non-object-relative component velocities, with the latter being perceptually underestimated with respect to the former by a constant ratio. Although previous proposals regarding the SDI have not allowed quantitative accounts, we present a unified formal model of perceived velocity (both direction and speed) with the magnitude of this ratio as the only free parameter. The model was successful in accounting for the angular repulsion of motion direction across line orientations, and in predicting the systematic decrease in perceived velocity as the line's angle was reduced. Although fitting for direction and speed produced different best-fit values of the ratio of underestimation of non-object-relative motion compared to object-relative motion (with the ratio for speed being larger than that for direction) this discrepancy may be due to differences in the psychophysical procedures for measuring direction and speed.
a b s t r a c t
In two experiments, we demonstrate a misperception of the velocity of a random-dot stimulus moving in the presence of a static line oriented obliquely to the direction of dot motion. As shown in previous studies, the perceived direction of the dots is shifted away from the orientation of the static line, with the size of the shift varying as a function of line orientation relative to dot direction (the statically-induced direction illusion, or 'SDI'). In addition, we report a novel effect -that perceived speed also varies as a function of relative line orientation, decreasing systematically as the angle is reduced from 90°to 0°. We propose that these illusions both stem from the differential processing of object-relative and non-object-relative component velocities, with the latter being perceptually underestimated with respect to the former by a constant ratio. Although previous proposals regarding the SDI have not allowed quantitative accounts, we present a unified formal model of perceived velocity (both direction and speed) with the magnitude of this ratio as the only free parameter. The model was successful in accounting for the angular repulsion of motion direction across line orientations, and in predicting the systematic decrease in perceived velocity as the line's angle was reduced. Although fitting for direction and speed produced different best-fit values of the ratio of underestimation of non-object-relative motion compared to object-relative motion (with the ratio for speed being larger than that for direction) this discrepancy may be due to differences in the psychophysical procedures for measuring direction and speed.
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Introduction
Whenever we view a moving object, our perception of its velocity, i.e. its speed and direction, is determined by the object's veridical velocity, being its velocity with respect to the observer, its intrinsic properties (size, shape, luminance, etc.), and by the spatial and temporal context in which it is viewed. Findings from a number of psychophysical studies (e.g. Blakemore & Snowden, 2000; Brown, 1931; Gogel & McNulty, 1983; Nguyen-Tri & Faubert, 2007; Norman et al., 1996) suggest that an object is perceived as having a comparatively higher speed when viewed in motion relative to other objects, termed object-relative (OR) motion, than when viewed in motion in the absence of such reference cues, termed non-object-relative (NOR) motion (see Farrell-Whelan, Wenderoth, & Brooks, 2012 for a brief review of these studies). As a naturalistic example of how an object's spatial context can influence its perceived velocity, picture a bird flying high overhead as you look up at the clouds on a windless day. Against the textured backdrop of clouds, the bird's motion is OR. A bird flying at the same velocity on a cloudless day, and therefore in NOR motion, should appear to be travelling more slowly.
Differential processing of object-relative (OR) and non-objectrelative (NOR) motion
Psychophysical research has also uncovered a considerable number of other differences in the way we perceive OR and NOR motion. Direction discrimination thresholds (Beardsley & Vaina, 2008; Linares, Motoyoshi, & Nishida, 2012; Snowden, 1992) , displacement thresholds (Lappin, Donnelly, & Kojima, 2001 ; Legge & Campbell, 1981; Murakami, 2004; Palmer, 1986; Sokolov & Pavlova, 2006; Whitaker & MacVeigh, 1990) and reaction times (Smeets & Brenner, 1994) are lower for OR than for NOR motion, and changes in contrast (Grossman & Blake, 1999; , spatial frequency and stimulus size (Mestre, Masson, & Stone, 2001; Murakami & Shimojo, 1996; Nawrot & Sekuler, 1990 ) affect OR and NOR motion perception differently. Other differences occur during binocular rivalry -if one eye is presented with an OR motion stimulus and the other with NOR motion, the former becomes the dominant percept (e.g. Baker & Graf, 2008; Paffen et al., 2004) . Further, the strength of motion aftereffects is greater after OR than after NOR motion adaptation (Day & Strelow, 1971) , and OR motion channels can be selectively adapted (Shioiri, Ono, & Sato, 2002) . These findings show not only that OR and NOR motion are encoded differently by the visual system, implicating the involvement of somewhat different neural processes, but that we are more sensitive in our perception of OR motion than NOR motion.
Differential processing and the direction illusion
Often the visual scene includes motion trajectories of many objects and therefore many combinations of OR and NOR motion. In visual motion studies, one frequently used stimulus configuration comprising both OR and NOR component velocities is the bidirectional random dot kinematogram (RDK) -a display consisting of two superimposed sets of random dots, with each set translating in a different direction. This generates a percept of two sheets of dots sliding across one another, which is referred to as motion transparency. Fig. 1 shows how this configuration creates orthogonal OR and NOR component velocities. The veridical velocities of the two sets of dots are represented by the vectors z 1 and z 2 . The NOR component velocity, i.e. the velocity component that is common to both sets, is represented by the vector x, and the OR component velocities unique to each set are represented by the vectors y 1 and y 2 . Johansson (1950) was among the first to describe visual motion trajectories as compositions of NOR and OR component velocities, and he, along with many researchers since (e.g. Cutting & Proffitt, 1982; Gogel, 1979; Grossberg, Léveillé, & Versace, 2011; Takemura & Murakami, 2010) , has contended that the visual system must somehow dissociate the two velocity types. If such a dissociation does occur, and if NOR component velocities are underestimated in comparison to OR component velocities, we would predict that any motion comprising both a NOR and an OR component will be shifted perceptually from its veridical trajectory. This is in fact what is observed in a bidirectional RDK. The phenomenon, which is often referred to as the direction illusion, manifests as an overestimation of the angle between the two directions of RDK motion (Marshak & Sekuler, 1979; Mather & Moulden, 1980) . Fig. 1 shows that if the magnitude of the NOR component x is perceptually underestimated (x 0 < x) but the perceptual OR component speeds are not ðy 0 1 ¼ y 1 and y 0 2 ¼ y 2 Þ, the result is a perceptual exaggeration of h 1 + h 2 as (h 1 + h 2 ) + (a 1 + a 2 ).
In a recent literature review, Nishida (2011) reported that the direction illusion 'is considered to reflect repulsive interactions between two directions (Wilson & Kim, 1994) or functional computation of target motion relative to the background motion (Dakin & Mareschal, 2000) .' These alternative accounts of the direction illusion we refer to respectively as the distribution-shift model and the differential processing account. The distribution-shift model, which was originally proposed to explain shifts in perceived orientation, e.g. the tilt illusion (Blakemore, Carpenter, & Georgeson, 1970) , contends that the direction illusion arises from an inhibitory interaction between cell populations that respond to the two veridical directions in a bidirectional RDK (e.g. Mather, 1980; Mather & Moulden, 1980) . Each population response can be represented by a Gaussian-like distribution, which becomes skewed by neuronal inhibition when the two directions are presented simultaneously (see Snowden et al., 1991) . As a result, the peaks of the two response distributions shift apart, producing a perceptual overestimation of the directional difference between the two directions. Since it was first reported, the direction illusion has been attributed to such a distribution shift (Grunewald, 2004; Hiris & Blake, 1996; Kim & Wilson, 1996; Kim & Wilson, 1997; Marshak & Sekuler, 1979; Mather & Moulden, 1980; Patterson & Becker, 1996; Wilson & Kim, 1994) . The differential processing account (Dakin & Mareschal, 2000; Farrell-Whelan, Wenderoth, & Brooks, 2012) , on the other hand, adopts Johansson's assertion that such shifts in perceived direction result from the dissociation of NOR and OR velocity components and that the former is comparatively underestimated, as described above. This proposal implicates an entirely different neural mechanism from the distribution-shift account since it requires the extraction of component velocities, which may differ considerably from the veridical velocity.
To test the differential processing account, we incorporated a static line into a conventional direction illusion-generating bidirectional RDK (Farrell-Whelan, Wenderoth, & Brooks, 2012) . When the line's orientation was orthogonal to the NOR component velocity, i.e. orthogonal to the vector x in Fig. 1 , the direction illusion was eliminated. The distribution-shift model cannot account for this effect since it makes no prediction regarding the influence of the static line. However, differential processing can account for this result since the line provides a reference cue, thereby transforming the previous NOR motion component into OR motion, which consequently is no longer underestimated.
Differential processing and the statically-induced direction illusion (SDI)
In a previous experiment, we introduced a stimulus consisting of orthogonal NOR and OR components: a field of coherently moving random dots referenced by a straight, static line that extended into the periphery at either end (Farrell-Whelan, Wenderoth, & Brooks, 2012) . When the line was oriented at an oblique angle relative to the direction of dot motion, we observed shifts in perceived direction towards the orthogonal, often of more than 10°. We have termed this phenomenon the statically-induced direction illusion (SDI). While the distribution-shift model, which includes no mention of activity in response to stationary features, is unable to account for this illusion, the differential processing account provides a mechanism by which it may be explained. When any moving one-dimensional stimulus, such as an extended line, is viewed through a circular aperture, because its endpoints are obscured there are no cues to any motion of the line parallel to its orientation. Motion in this direction is not detectable, as it involves no transformation of the image. This is the well-known 'aperture problem' (Wallach, 1935) . Similarly, since the endpoints of a static line of sufficient length will also be obscured, in this case by their eccentricity from foveal viewing, they will provide no positional cues for motion parallel to the line's axis (Anstis, 2003) . Therefore, any component of motion parallel to that axis will be, by definition, NOR. However, since the line does provide a positional cue for motion orthogonal to its axis, motion components in this direction will be OR (Linares, Motoyoshi, & Nishida, 2012) . The differential processing account dictates that motion oblique to the line will be parsed into its NOR and OR components, respectively parallel and orthogonal to the line, and that the NOR component velocity will be perceptually underestimated in comparison to the OR component velocity. As a result, differential processing predicts that the perceived direction of a stimulus moving obliquely to the line should be shifted away from the line's orientation and towards the orthogonal, in line with the findings.
The current study: Testing a quantitative model of differential processing
Our previous report of the occurrence of the SDI is compatible, in qualitative terms, with the involvement of differential processing in the perception of motion direction. The differential processing account attributes the shift in perceived direction to the comparative underestimation of the NOR component velocity. That is, given veridically equivalent component speeds, the NOR component will have a lower perceptual speed than the OR component. Wenderoth, & Brooks, 2012) can account for the occurrence of the SDI in qualitative terms because it dictates that x 0 is underestimated in comparison to y 0 , causing a repulsion of the perceived direction away from the orientation of the line. Although the SDI is consistent with the involvement of differential processing, the previous descriptions of this process lacked the ability to make quantitative predictions of the size of the illusion, or the pattern of perceived direction with respect to the orientation of the line. In addition, the differential processing account has implications for perceived speed, which should be highest when the static line is inclined at 90°to the dot direction, when OR motion dominates (no NOR motion), and should decrease as this angle is reduced and the component of OR motion is also reduced (increasing proportions of NOR motion). However, no attempt has yet been made to investigate these predictions. In the current study, we present a model of perceived velocity that is more specific, allowing quantitative predictions regarding both perceived direction and perceived speed. A formal derivation of the model is set out in Appendix A.
We begin with the assumption that the perceptual component speeds are proportional to their respective veridical speeds across a broad range of stimulus velocities (including those used in this study, and other typical psychophysical investigations). This assumption can be represented by the expressions x 0 = c x Á x and y 0 = c y Á y, where c x and c y are constants. The proposal that the speed of NOR motion is perceptually underestimated with respect to OR motion can be formalised as c x < c y . Our previous, more broadly defined proposal (Farrell-Whelan, Wenderoth, & Brooks, 2012 ) that x is underestimated compared to y (which could be represented formally as x 0 /x < y 0 /y) is now more specifically defined as x 0 /x = (c x /c y ) Á y 0 /y, where c x /c y < 1. Because both c x and c y are constants, c x /c y is also a constant. Lending validity to this assumption, De Bruyn and Orban (1999), matching perceived NOR (unidirectional RDK) speeds with perceived OR (180°bidirectional RDK) speeds, found that the former was perceived as a constant proportion ($0.667) of the latter across the entire range of speeds tested.
The simple proposal that x 0 /x = (c x /c y ) Á y 0 /y allows us to generate quantitative predictions of both direction and speed. Considering perceived direction a, it can be shown that:
In terms of perceived speed, the previous proposal that the magnitude of NOR motion (x) is underestimated relative to OR motion (y), allows us to make qualitative predictions about the pattern of results. Based on predictions of NOR and OR component speeds across values of h, (see Appendix A) it can be shown that the relative perceived speed is given by:
Since the model, whether predicting perceived direction or speed, has only one free parameter (c x /c y ), we can compare its predictions of a and of z 0 /c y across a range of values of h against predictions from the null hypothesis, that x 0 /x = y 0 /y (i.e. that c x / c y = 1). We can also thereby obtain the best-fitting value of this parameter. In Experiment 1, which effectively constitutes a replication of Farrell-Whelan, Wenderoth, and Brooks's (2012) Experiment 1, we measured perceived direction across a broad range of values of h. We did this both to test the quantitative predictions made by our formal model, and to assess the claim that the bestfitting value of c x /c y is smaller than 1. In Experiment 2, we sought to establish, for the first time, the effect of the angle of the straight line on perceived speed, and to evaluate the differential processing account's prediction that perceived speed will decrease as the angle is reduced from 90°to 0°. The detailed quantitative predictions of the formal model were also tested to assess its ability to account for speed perception, and to check that the best-fitting value of c x / c y is indeed smaller than 1.
Experiment 1 -Direction
The aim of the first experiment was to obtain measurements of statically induced shifts in the perceived direction of the test stimulus (a) across several angular separations of test direction and inducer orientation (h) (Fig. 3) . From these values, we attempt to fit our model to the data, establishing a best-fitting value of the free parameter c x /c y . Fig. 2 . Vector diagram illustrating how differential processing may account for shifts in the perceived direction of a moving stimulus due to the presence of a static line. The veridical velocity (z), which is directed vertically upward, is broken down into NOR (x) and OR (y) component velocities, which are respectively parallel and orthogonal to the static line. The differential processing model dictates that the perceptual speed of x, labelled x 0 , will be underestimated in comparison to the perceptual speed of y, labelled y 0 , resulting in the direction of motion relative to the orientation of the line (h) being perceptually exaggerated by (a°).
Method
All experiments were carried out in accordance with the regulations of Macquarie University Ethics Committee and the Declaration of Helsinki.
Observers
Two females and five males, including the authors, participated in the experiment. Six of the participants were psychology students or staff at Macquarie University. All but the authors had had limited psychophysical testing experience and were unaware of the purpose of the study. All were emmetropic or had corrected-to-normal vision.
Apparatus
All stimuli were generated and presented and all responses recorded with Psykinematix version 1.4.3 (build 1098) (KyberVision, Montreal, Canada, psykinematix.com). The software was run on a 6 GB Quad-core 2 Â 2.26 GHz Mac Pro running Mac OS X version 10.5.8. The DELL Trinitron Multiscan P1130 flat screen monitor had a frame refresh rate of 96 Hz and a pixel resolution of 1280 Â 960. Testing was performed in a darkened room, where participants viewed the screen binocularly from a distance of 57 cm. A chin and head rest prevented head movement.
Stimuli
A unidirectional white-on-grey RDK (test stimulus) comprising a coherently drifting set of 40 Gaussian dots was presented within an 8 deg virtual aperture with no visible boundary. All dots had a peak luminance of 90.5 cd/m 
Procedure
Each trial began with a brief tone and a 0.5 s inter-stimulus interval (ISI), which consisted of a uniform grey field with a small fixation point in the centre of the screen. Test stimuli were then presented for 0.5 s, during which time the central point was not present. Note that although the usual presence of a fixation point purportedly reduces involuntary pursuit eye movements, its omission was necessary in this study as it would have provided a point of reference for motion in all directions. However, observers were instructed to remain fixated as near as possible to where the ISI fixation point had initially been presented. Being the centre of the display, this point coincided with the midpoint of the static line. Each of the seven test conditions and one baseline condition were run in separate blocks of trials, with the order of block presentation randomised. Observers indicated, using the left and right arrow keys, which side of upward vertical (0°) they perceived the test stimulus to be moving. Observers completed a double interleaved 1-up-1-down staircase with respective starting values of ±20°from vertical, for each condition. Initial step size was 32°, and was reduced by 50% on each subsequent reversal to a minimum of 1°. Each staircase terminated after 12 reversals, with the direction of the test stimulus on the final 6 reversals from each staircase being averaged for each observer to serve as an estimate of the point of subjective vertical (PSV).
Results and discussion
The results from Experiment 1, averaged across all observers, are shown in Fig. 4 . As expected, directional shifts did not occur at relative line orientations of 0°or 90°, replicating previous findings (Braddick, Wishart, & Curran, 2002; Farrell-Whelan, Wenderoth, & Brooks, 2012; Swanston, 1984) . However, intermediate orientations produced large CCW shifts in perceived direction. A one way ANOVA produced a significant main effect of h (F (6,36) = 11.33, p < 0.0005, g 2 = 0.654). A set of one-sample twotailed t-tests (using a Bonferroni-correction of the critical p value (0.00714) to account for multiple comparisons) showed CCW shifts significantly different from zero for each of the h = 30°, 45°, 60°and 75°conditions (t (6) P 5.609, p 6 0.002) and no significant shift for the 0°, 15°or 90°conditions (t (6) 6 5.609, p P 0.055). The overall pattern of results very closely resembles that reported in our pre- Fig. 3 . Schematic example of the stimulus configuration used in Experiment 1: an RDK with a static line oriented at h°clockwise (CW) to the test direction, which is vertical (0°). The grey dotted arrow indicates the perceived direction of the test stimulus, which is a°CCW of vertical in this example. Subjects were required to indicate whether the test direction appeared to be CW or CCW of vertical. The stimulus was presented at various angles, based on subject responses, until the subject perceived the test stimulus as vertical. In this example, at the point of subjective vertical (PSV), the test direction is a°CW. Values for a were obtained for each value of h. Note that while the direction of the dots relative to vertical is manipulated, the orientation of the static line is also adjusted by the same angle, so that its orientation relative to the test direction (h) remains constant. vious study (Farrell-Whelan, Wenderoth, & Brooks, 2012) , where an identical stimulus configuration was used, but resembles less the function obtained by Swanston (1984) , who found direction shifts in a single test dot peaked with a value of only $0.17°at a direction-orientation separation of 15°. The results are consistent with the differential processing account's qualitative prediction that the perceived direction of a stimulus moving obliquely to the orientation of a straight line will be perceptually shifted away from the line's orientation.
The formal model's predictions of a across different values of h are shown in Fig. 4 , giving an opportunity to visually assess their accuracy compared with psychophysical measurements. To assess the quantitative predictions of the formal differential processing model, an extra sum-of-squares test was employed, showing that the model provided a significantly closer fit to the data than did the null hypothesis (F (1,48) = 115.2, p < 0.0001, R 2 = 0.435). We obtained a best-fit value for c x /c y of 0.6976, with a 95% confidence interval (CI) from 0.6498 to 0.7453. A replicates test could find no evidence that the model is inadequate at predicting the values obtained by psychophysical experimentation (F = 0.2825, p = 0.942). The model's assertion that c x /c y < 1 and is a constant ratio was therefore supported by our findings.
Experiment 2 -Speed
Experiment 2 was designed to measure the perceived speed of the RDK in the direction in which it was perceived in Experiment 1, i.e. to measure the relative perceived speed, z 0 /c y (see Eq. (2)). The results are reported as the point of subjective equality (PSE) of the perceived speeds of the directionally altered stimulus (standard) and a test stimulus. For the test we used the stimulus from the 90°condition in Experiment 1 because it induced no shift in direction and because we expected that it would be perceived as faster than the stimuli across the range of remaining line orientations, thereby simplifying the interpretation of the PSE.
Method

Observers
The seven observers who participated in Experiment 1 also participated in Experiment 2.
Apparatus and stimuli
The apparatus was identical to that in Experiment 1, but several changes were made to the stimulus configuration. Two stimuli were employed here, termed the standard and the test. The standard dots had a drift speed of 0.5 deg/s, as in Experiment 1, while the speed of the test dots was dependent on observer responses. The test incorporated a static line oriented at 90°relative to the direction of dot motion, while the line in the standard was of one of 7 orientations (0°, 15°, 30°, 45°, 60°, 75°, and 90°) relative to the dot motion. The direction of the standard dots in each condition was determined by the individual observer's PSV from each of the 7 corresponding conditions in Experiment 1. The direction of the test dots was set at each observer's PSV obtained in the 90°condition only. Thus, all speed judgments were based on stimuli that were perceived as moving vertically (see Fig. 5 ). We set the perceived direction of both standard and test to vertical to achieve maximum precision, since Schrater and Simoncelli (1998) reported that speed judgments within a matching paradigm are less accurate when the two stimuli are seen moving in different directions.
Procedure
A 2AFC sequential matching procedure was used (see Fig. 5 ). Each trial began with a brief tone and a 0.5 s ISI, as in Experiment 1. This was followed by the presentation, in random order, of the standard and the test, each of which had a duration of 0.5 s separated by a 0.5 s ISI.
1 Observers were required to use the 'z' and 'm' keys to indicate whether the first or second stimulus had the greater speed. Each of the seven test conditions was run in a separate block, with a randomised order of presentation. For each block, a double interleaved 1-up-1-down staircase was used. The test speed was initially set at 0.2 deg/s for one staircase and at 0.8 deg/s for the other.
Step sizes decreased by 25% on each trial prior to the first reversal, after which step sizes decreased by 5% on each trial. Each condition terminated after 11 reversals of each staircase, and the final 6 reversals were averaged to give the PSE of the standard dots. (A) and test (B) stimulus configurations used in Experiment 2. A sequential matching paradigm was used, whereby the observer indicated whether the test speed (z) was faster or slower than the standard speed (0.5 deg/s). The test speed was respectively decreased or increased until the point of subjective equivalence (PSE) was attained. PSV values (a) obtained for each value of h in Experiment 1 were assigned to the standard in Experiment 2, such that the standard drift direction was perceived as vertical. The PSV value (a) obtained for the 90°condition in Experiment 1 was assigned to the test direction.
Results and discussion
vided a significantly closer fit to the data than did the null hypothesis (H 0 : c x /c y = 1) (F (1,48) = 154.1, p < 0.0001, R 2 = 0.547). We obtained a best-fit value for c x /c y of 0.8571, with a 95% CI from 0.8336 to 0.8806. Further, a replicates test could once again find no evidence that the model is inadequate at predicting the values obtained by psychophysical experimentation (F = 1.863, p = 0.11). The model's assertion that c x /c y < 1 and is a constant ratio was therefore once again supported by our findings.
General discussion
Predictive power of the differential processing model
Many studies have investigated instances in which changes to an object's spatial context result in changes to its perceived velocity. In a previous study (Farrell-Whelan, Wenderoth, & Brooks, 2012) , we found that a static line induced a shift in the perceived direction of an RDK stimulus moving obliquely to the line's orientation, which we have replicated here (Experiment 1). We proposed that the shift occurred due to the differential processing of NOR and OR component velocities, as has been proposed previously to explain shifts in perceived direction within other related stimulus configurations (e.g. Cutting & Proffitt, 1982; Duncker, 1929 Duncker, /1955 Johansson, 1950; Wallach, Becklen, & Nitzberg, 1985) , including the direction illusion (Dakin & Mareschal, 2000) . That these qualitative predictions of differential processing are upheld supports the basic proposal that this mechanism underlies aspects of direction perception in the context of the SDI, as well as in other situations. Furthermore, this study has documented an entirely new, complementary phenomenon: that under the same circumstances, the perceived stimulus speed is also misperceived, decreasing as the relative line orientation is reduced. Again, differential processing is able to successfully predict this effect in a qualitative sense.
In an effort to provide a more stringent test of the differential processing account, we have developed a unified model of perceived velocity designed to generate explicit quantitative predictions both of perceived direction and perceived speed across the 90°range of possible relative line orientations. This model proposes that veridical velocity vectors are resolved into NOR and OR component velocities with the NOR component velocity being perceptually underestimated with respect to the OR component velocity by a constant ratio (i.e. c x /c y < 1).
To test the differential processing model, we first measured the size of the shift in perceived direction across the range of orientations and then measured the perceived speed of each motion stimulus in its perceived direction. The model was found to account well for the data both in the case of perceived direction and speed with a single free parameter, returning best-fitting values of c x /c y that both lie significantly below 1.
Limitations of the model
Although the model managed to successfully account for both the misperceptions of direction and speed that are caused by the simple presence of a single straight line, it did show one possible shortcoming. Ideally, for the model to be considered successful at providing unified predictions of perceived velocity in general, the ratio of the perceptual NOR-to-OR component velocities (c x /c y ) from which both the direction an speed predictions were derived should be the same for each data set. This was found not to be the case. Rather, the value of the ratio calculated from the direction data was smaller than that calculated from the speed data, indicating that the misperception of speed was smaller than that expected given the observed degree of direction misperception (or vice versa). However, the model's lack of success in simultaneously accounting for the quantitative shifts in perceived direction and speed need not be interpreted as evidence of its failure. The crucial test of the model's ability to simultaneously account for both aspects of velocity perception should involve the simultaneous measurement of perceived direction and speed under identical circumstances. Although our experiments were conducted using identical stimulus parameters (e.g. number of dots, dot density, contrast, speed, etc.), inevitably, some details of the testing paradigms differed. In the measurement of perceived direction, it is quite possible to present a single stimulus interval, and to ask participants to indicate perceived direction relative to their own implicit standard of perceived vertical. However, it is not possible to do this for perceived speed, as no clear internal standard exists (i.e. we cannot ask participants whether a stimulus appears faster than 0.5 deg/s). As such, an explicit standard had to be presented, and hence the experiment included two stimulus intervals. It is possible that such differences in the methods used to measure the direction and speed misperceptions may be responsible, in part, for differences in the size of the effects involved.
Alternatively, it is possible that the perception of direction and speed may each involve the effects of differential processing, with factors external to our model as currently defined also influencing either perceived direction or perceived speed alone. As it is well known that there are several factors that affect the accuracy of perceived speed that do not have a direct influence on the accuracy of perceived direction, such as contrast and spatial frequency content (Brooks, Morris, & Thompson, 2011; Smith & Edgar, 1991; Thompson, 1982) , it seems plausible that the two may be affected by separate factors in our study.
Incomplete eye-movement compensation as a potential cause of NOR underestimation
Although the differential processing model provides an account of both direction and speed perception based on the comparative underestimation of NOR (with respect to OR) component velocity, it is silent on the original cause of this underestimation. One possible root of this effect may be the visual system's imperfect compensation for eye movements. While the processing of OR velocities can operate on retinal signals alone, the processing of NOR velocities must combine retinal information with signals from motor commands that control our eyes and head (efference copy or corollary discharge) (Guthrie, Porter, & Sparks, 1983; Skavenski, 1990) , and with proprioceptive (e.g. Rossetti, Desmurget, & Prablanc, 1995) and vestibular signals (Wertheim, 1994) . Although this extra-retinal information is necessary to prevent us from attributing our own movement to that of the visual scene, the compensatory effects are not entirely reliable (Raghunandan et al., 2008; Turano & Heidenreich, 1999; Turano & Massof, 2001) . Misperceptions may therefore arise from our own undetected movements, such as when we involuntarily track a moving object through pursuit eye movements and/or motion-induced head position or postural change (Tanahashi et al., 2007) . The incomplete compensation for eye movements, specifically, from extra-retinal signals has been suggested by several researchers in the past to account for the underestimation of NOR motion when the motion stimulus is tracked (e.g. Gibson et al., 1957; Turano & Heidenreich, 1999) , as demonstrated by the well-known Aubert-Fleischl phenomenon (Aubert, 1886 (Aubert, , 1887 Fleischl, 1882; as cited in Wertheim, 1981) .
With specific reference to the effects demonstrated in this study, it is possible that incomplete compensation for retinal slip caused by eye movement may underlie our effects by causing the underestimation of NOR, and the finding that c x /c y is less than 1. Although observers were asked to fixate a small central fixation point before the motion stimuli were presented, and to maintain their gaze in this location throughout the trial, it was necessary for it to be extinguished when the motion was visible. This served to ensure that no additional cues to OR motion were present and, therefore, that motion parallel to the static line was indeed NOR. Given the lack of reference cues parallel to the line, compared to those orthogonal to it, it is possible that the motion stimulus may have produced small involuntary eye movements that were larger in magnitude parallel to the line, compared to orthogonal directions. Had such eye movements been present, this would have produced a pattern of retinal slip corresponding to a repulsion of direction away from the line, along with a reduced velocity. If compensation for involuntary eye movements from corollary discharge and proprioceptive signals were incomplete, then a residual effect of perceived direction and speed would be expected. In the current study, it was not possible to assess the details of smooth eye movements such as pursuit or ocular following responses, as these require equipment with a spatial and temporal resolution high enough to be sensitive to a residual involuntary eye drift in response to a stimulus travelling a distance of 0.25 deg, and to allow smooth translations to be distinguished from saccades (e.g. Krukowski et al., 2003) . Although facilities were not available to assess the plausibility of this complementary explanation of the data, we encourage others with the appropriate resources to investigate further.
Potential alternative explanations for the SDI
Illusions similar to the SDI, in which a static line perceptually 'repels' the trajectory of a single translating dot have been presented in previous studies (e.g. Nihei, 1973; Nihei, 1975; Westheimer & Wehrhahn, 1994) , where they have generally been described as 'kinetic' analogies of various orientation illusions, e.g. the tilt, Poggendorff and Zollner illusions (Cesàro & Agostini, 1998; Gogel, 1977; Khuu, 2012; Khuu & Kim, 2013; Nihei, 1973; Nihei, 1975; Swanston, 1984; Wenderoth & Johnson, 1983) . Like their orientation analogues, kinetic illusions have been attributed to a distribution shift arising from mutual inhibition between channels selective for orientation (e.g. Blakemore, Carpenter, & Georgeson, 1970; Khuu, 2012; Khuu & Kim, 2013) . The activation of orientation-selective channels by motion stimuli is thought to occur due to the presence of motion 'streaks' resulting from temporal integration processes (Geisler, 1999; Khuu, 2012) . This 'orientation distribution shift' explanation is consistent with the observation that the magnitude of such effects is similar to typical orientation illusions based on the same explanation ($2°(e.g. Schwartz, Sejnowski, & Dayan, 2009; Swanston, 1984) , although Khuu and Kim (2013) found larger kinetic illusions, with shifts of up to $6°). However, there is clear evidence that such explanations cannot be successfully applied to our data. Firstly, the effects reported here are substantially larger ($10°) than either the previous 'kinetic illusions' or typical tilt illusions. In addition, Farrell-Whelan, Wenderoth, and Brooks (2012) , using stimuli identical to those in this study, observed the SDI using motion stimuli with a speed below that required to produce motion streaks, along with a reduced effect for faster stimuli for which motion streaks should be expected. Thirdly, the orientation distribution-shift explanation also generates the prediction that the direction of moving stimuli should have a reciprocal effect on the perceived orientation of static lines. However, Farrell-Whelan, Wenderoth, and Brooks (2012) could find no evidence of any such effect, even under the same circumstances that produced an SDI. Finally, the orientation distribution-shift explanation makes no predictions regarding the perceived speed of the dots, and hence cannot account for the results of Experiment 2. In comparison, the differential processing model gives a considerably broader and more parsimonious account of the data.
Conclusion
We have measured the effect of a stationary line on the perceived direction and speed of a set of translating dots for a range of relative line orientations. As previously shown, oblique angles produce misperceptions of direction, while perceived speed decreases as the relative orientation of the line is reduced. To account for these results, we formally defined a model based on a differential processing account of perceived velocity (both direction and speed) which included only one free parameter representing the comparative underestimation of NOR motion (with respect to OR motion). The data from separate direction and speed measurements were well fit by the model, yielding a ratio of perceptual non-object-relative to object-relative component speeds that was smaller than 1, as per the model's predictions. Although values of the free parameter were not identical for direction and speed, this may reflect the fact that these two properties of motion were assessed using slightly different psychophysical procedures, or that perceptual calculations of speed and direction may involve additional and separate influences that are external to this model. However, the current study can be seen as a first step in the development of a model that can provide a unified account of misperceptions of velocity including both perceived direction and perceived speed. 
where c x and c y are constants. The proposal that the speed of NOR motion is perceptually underestimated with respect to OR motion can be formalised as c x < c y . Our previous, more broadly defined proposal that x is underestimated compared to y (which could be represented as x 0 /x < y 0 /y) is now more specifically defined as:
where c x /c y < 1. Because both c x and c y are constants, c x /c y is also a constant. This allows us to generate quantitative predictions of both direction and speed.
A.1. Perceived direction
We can express quantities x, x 0 , y and y 0 in terms of known speed z and known angle h using basic trigonometric expressions fromFig. 2 sin h ¼ y=z ðA4Þ
sinðh þ aÞ ¼ y
